Although intergenic long noncoding RNAs (lincRNAs) have been linked to gene regulation in various tissues, little is known about lincRNA transcriptomes in the T cell lineages. Here we identified 1,524 lincRNA clusters in 42 T cell samples, from early T cell progenitors to terminally differentiated helper T cell subsets. Our analysis revealed highly dynamic and cell-specific expression patterns for lincRNAs during T cell differentiation. These lincRNAs were located in genomic regions enriched for genes that encode proteins with immunoregulatory functions. Many were bound and regulated by the key transcription factors T-bet, GATA-3, STAT4 and STAT6. We found that the lincRNA LincR-Ccr2-5′AS, together with GATA-3, was an essential component of a regulatory circuit in gene expression specific to the T H 2 subset of helper T cells and was important for the migration of T H 2 cells. npg
r e s o u r c e
The mammalian genomes encode tens of thousands of long noncoding RNAs (lncRNAs) 1, 2 . These transcripts have essential roles in regulating gene expression and affect various biological processes during development and in pathological conditions 3, 4 . One classic example of a functional intergenic lncRNA (lincRNA) is encoded by Xist, located on the X chromosome; it is required for inactivation of the X chromosome in females, and it operates by recruiting repressive complexes such as PRC2 to the silenced X chromosome 5 . Another well-characterized example is HOTAIR, which recruits PRC2 complexes to homeobox (Hox) domains and represses expression of HOXD (which encodes HOX4) 6 . Additionally, several other lincRNAs function to mediate methylation of histone H3 at Lys27 by recruiting PRC2 (refs. 7,8) . Studies have also reported lncRNAs with enhancer functions 9 . LincRNAs may also regulate gene expression through post-transcriptional mechanisms 10, 11 .
The study of lincRNA function in the immune system is an emerging field. Helper T cells are critical for orchestrating adaptive immune responses to a variety of pathogens; they are also involved in the pathogenesis of various types of immunological diseases, including allergy, asthma and autoimmunity 12 . The lincRNA TMEVPG1 (NeST; called 'LincR-Ifng-3′AS' here) is reported to be specifically expressed by the T H 1 subset of helper T cells and is critical for controlling infection with Theiler's virus 13 . Together with the T H 1-specific transcription factor T-bet, TMEVPG1 controls the expression of interferon-γ (encoded by Ifng) 14 . TMEVPG1 interacts with WDR5, a core subunit of the MLL histone H3 Lys4 (H3K4) methyltransferases, and facilitates histone methylation at the Ifng locus in CD8 + T cells 15 . A survey of lncRNA in CD8 + T cell from mouse spleen by custom array has suggested a pivotal role for lncRNA in the differentiation and activation of lymphocytes 16 .
Despite those examples, the function and transcriptional regulation of lincRNAs during the development and differentiation of T cells is far from understood, partially because of the lack of knowledge about lincRNA expression in cells of the immune system 17 . Thus, to better understand the role of lincRNAs in the development and differentiation of T cell lineages, we applied high-throughput sequencing technologies to sequence cDNA (RNA-Seq) of 42 subsets of thymocytes and mature peripheral T cells at multiple time points during their differentiation. Analysis of this data set identified 1,524 genomic regions that generate lincRNAs. Our data revealed a highly dynamic and cell-or stage-specific pattern of lincRNA expression. Genomic location analysis of the genes encoding lincRNA revealed that they were adjacent to genes encoding proteins critically involved in regulating immunological function, which suggested possible coevolution of protein-encoding and lincRNA-encoding genes. Through the use of gene-deficient mice, we found that the transcription factors T-bet, GATA-3, STAT4 and STAT6 accounted for the cell-specific expression of most lincRNAs in T H 1 and T H 2 cells. Inhibition of a T H 2-specific lincRNA we have called 'LincR-Ccr2-5′AS' (nomenclature discussed below), whose expression is regulated by GATA-3, by short hairpin RNA (shRNA) resulted in the deregulation of many genes 'preferentially' expressed in T H 2 cells, including several chemokine receptor-encoding genes located in the vicinity of the gene encoding LincR-Ccr2-5′AS, and compromised the migration of T H 2 cells to r e s o u r c e lung tissue in mice. Therefore, our data sets provide a comprehensive resource for future studies of the function and mechanisms of lincRNA in the development, differentiation and immune response of T cells.
RESULTS

Cataloging lincRNA expression profiles in various T cell types
To obtain comprehensive profiles of lincRNA expression during the development and differentiation of T cell lineages, we purified CD4 − CD8 − double-negative (DN), CD4 + CD8 + double-positive (DP) and CD4 + or CD8 + single-positive (SP) thymic T cells, and thymusderived regulatory T cells (tT reg cells) from the lymph nodes of C57BL/6 mice. Additionally, we obtained T H 1, T H 2, T H 17 and induced T reg cells (iT reg cells) through in vitro differentiation of naive CD4 + T cells for a various length of time in culture. In total, we obtained 42 T cell subsets (each with biological duplicates; Supplementary  Fig. 1a) . We analyzed total and/or polyadenylated (poly(A)) RNA from those cells by RNA-Seq. Using a strategy similar to one already published 18 ( Supplementary Fig. 1b ), we identified a total of 1,524 lincRNA-expressing genomic regions (or clusters) in the 42 T cell subsets (Supplementary Table 1 ). Because each cluster may encode more than one lincRNA, the number of lincRNAs may be larger than 1,524. For example, the LincR-Gata3-3′ cluster downstream of Gata3 contained at least two divergently transcribed lincRNA-encoding genes (Fig. 1a) . We were unable to identify 73% of the clusters by noncoding gene annotations from public databases such as RefSeq 19 , Ensembl 20 , UCSC 21 and NONCODE 22 and thus they were previously unknown potential lincRNA-encoding genes (Supplementary Table 1 ). The number of lincRNA clusters identified in each T cell subset ranged from 154 to 354 (Fig. 1b) .
We used several criteria to estimate the coding potential of those potential lincRNA-encoding gene clusters. We used transcriptome assembly to retrieve transcripts (both spliced and unspliced) from each cluster. Approximately 482 clusters (32% of all clusters) encoded spliced transcripts. On average, each lincRNA-encoding gene cluster encoded 1.5 independent transcripts (spliced or unspliced but originating from the same promoter); there were a total of 2,194 such transcripts. Comparison of the putative open reading frames of those transcripts against the Swiss-Prot protein database with the basic local alignment search tool revealed that only 72 clusters encoded transcripts with significant similarity to protein-encoding genes (E value < 10 −5 ; identity > 30%). We also evaluated the coding potential of those 2,194 transcripts by using the Coding Potential Calculator 23 . This detected transcripts with high coding potential in 91 clusters. 200   400  234  201  253  154  262  193  169   325   155  253  354  323  271  278   LincRNA  mRNA   0  60  Genes with different  expression (%)   DN1  DN2  DN3  DN4  DP1  DP2   DN1  DN2  DN3  DN4  DN3  DN4  DP1  DN1  DP2  DN2  DP1  DP2 Finally, transcripts from lincRNA-encoding genes expressed in T H 2 cells (at 2 weeks of polarization) showed more significant enrichment in the nucleus than in the cytoplasm compared to transcripts from protein-encoding genes ( Supplementary Fig. 1c ), which suggested that most of the lincRNAs were not translated. These analyses indicated that the majority of the lincRNA-encoding loci identified (>90%) had limited coding potential. Because over half of the clusters encoding potential coding transcripts also encoded noncoding transcripts (data not shown), we included them for further data analysis.
To provide a systematic identifier for each lincRNA, we proposed the following nomenclature: LincR-X-5′ or LincR-X-3′ for a lincRNA cluster situated near protein-encoding gene 'X' . The additional designation 'S' (sense) or ' AS' (antisense) may be added if the direction of the lincRNA cluster relative to that of gene X can be inferred from the transcript assembly. Where more than one lincRNA could have the same name, their distance (in kilobases) from gene X is further appended (such as 'LincR-Chd2-5′-74K' , where '74K' indicates it is 74 kilobases from Chd2). In summary, by analyzing data sets of T cells at various developmental and differentiation stages through RNA-Seq and chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq), we identified 1,524 potential lincRNA clusters, of which the majority were previously unknown.
Stage and lineage specificity of lincRNAs
To determine the cellular specificity of lincRNA expression, we used pairwise comparison of protein-encoding mRNAs and lincRNAs in any two developmental stages of T cells to assess the difference in expression at one stage relative to expression at another stage. Overall mRNA expression was highly similar, but lincRNA expression exhibited substantial differences in any two T cell subsets generated in vivo (Fig. 1c) or obtained after in vitro differentiation (Fig. 1d) . We further separated the T cell subsets into three groups (DN cells; DP cells, SP cells and tT reg cells; and naive CD4 + T cells and helper T cells) and determined the overlap of lincRNA expression or mRNA expression in each group (by Venn diagrams). The data indicated that 48-57% of lincRNAs were stage specific or lineage specific, in contrast to 6-8% of mRNAs ( Fig. 1e-g ). On the other hand, 75-80% of protein-encoding genes were shared by subsets in a group, in contrast to 13-16% of the lincRNA-encoding genes ( Fig. 1e-g ). To examine the expression of each individual lincRNA, we plotted a heat map of lincRNA expression in helper T cells. About 56% of lincRNAs (367) exhibited preferential expression in one T cell subset rather than in the others (Fig. 1h) . Comparison of the T cell lincRNA 'catalog' generated here and the lincRNAs identified in mouse embryonic stem cells 24 revealed that only 8.5% of the T cell lincRNAs (or 129 clusters) were also expressed in mouse embryonic stem cells (data not shown). In summary, we found that lincRNA expression was highly cell specific during the development and differentiation of T cells.
Most lincRNAs are polyadenylated and dynamically regulated
By comparing the data obtained by RNA-Seq analysis of total RNA and poly(A) RNA, we observed that some lincRNAs were polyadenylated in T cells (Fig. 2a) . To determine which lincRNAs were polyadenylated and if the polyadenylated lincRNAs were dynamically regulated during the differentiation of helper T cells, we profiled poly(A) RNA by RNA-Seq at various time points (4 h, 8 h, 12 h, 24 h, 48 h, 72 h, 1 week and 2 weeks) during the differentiation of naive CD4 + T cells. Comparison of the expression of poly(A) RNAs, as calculated from the sequencing data, and total RNAs indicated a high correlation of LincR-Gata3-3′ expression in the two sets (Pearson correlation coefficient (r) = 0.99) across various subsets (Fig. 2b and Supplementary Table 2 ). Analysis of all lincRNA clusters revealed that over 50% of the lincRNAs expressed in helper T cells had an r value of >0.6 (Fig. 2c) , which suggested that a large fraction of the lincRNAs were polyadenylated.
Analysis of polyadenylated lincRNAs at the time points during helper T cell differentiation assessed above indicated that the expression of many lincRNAs in naive CD4 + T cells was rapidly downregulated after 4 h of differentiation and then they were reexpressed after 48-72 h (Fig. 2d,e) , which suggested that they might be involved in regulating T cell activation. We next used a heat map to visualize lincRNA expression at all those time points during the differentiation of naive CD4 + T cells into helper T cell subsets. Of the 539 lincRNAs, 19 were rapidly downregulated within 4 h of T cell differentiation and remained largely silenced throughout the later time points (for example, LincR-Chd2-5′-74K). One lincRNA preferentially expressed in T H 2 cells, LincR-Sla-5′AS, was rapidly induced at 4 h, and its expression then gradually decreased during later differentiation (Fig. 2f) . Most lincRNAs preferentially expressed in T H 1 or T H 2 cells exhibited substantial induction at 48-72 h and reached a plateau of expression within 1-2 weeks (for example, LincR-Gata3-3′ and LincR-Ccr2-5′AS), while most lincRNAs preferentially expressed in T H 17 cells were maximally induced within 48-72 h (Fig. 2f) . Thus, most lincRNAs were polyadenylated and were dynamically regulated during T cell differentiation.
STAT4 activates lincRNAs preferentially expressed in T H 1 cells
To understand the cell-specific expression of lincRNAs, we investigated the role of key transcription factors in regulating lincRNA expression during T cell differentiation. The transcription factors STAT4 and STAT6 regulate key aspects of differentiation into T H 1 and T H 2 cells, respectively, by binding to and activating lineagespecific enhancers in these cells 25 . Using data obtained by ChIPSeq analysis of STAT4 binding 26 , we found that STAT4 bound to 56% of the lincRNA-encoding genes (862; Supplementary Table 3) , such as LincR-Gng2-5′ (Fig. 3a) . STAT4 binding was stronger at lincRNA-encoding clusters preferentially expressed in T H 1 cells than at other clusters (Fig. 3b) . Deletion of STAT4 decreased expression of LincR-Gng2-5′ in T H 1 cells, as assessed by comparison of wildtype and STAT4-deficient cells (Fig. 3a) . In total, expression of 39% (90) of the lincRNA clusters preferentially expressed in T H 1 cells was downregulated in STAT4-deficient T H 1 cells, in contrast to 8% (83) of lincRNAs not preferentially expressed in T H 1 cells (Fig. 3c) . Because STAT4 may also repress lincRNAs not preferentially expressed in T H 1 cells, we observed that the expression of more lincRNAs not preferentially expressed in T H 1 cells than lincRNAs preferentially expressed in T H 1 cells was upregulated in STAT4-deficient T H 1 cells (Fig. 3c) . Furthermore, lincRNAs with strong binding of STAT4 at the promoters of the genes encoding them, as measured in wild-type T H 1 cells, were more likely to have downregulated expression in STAT4-deficient T H 1 cells than were lincRNAs with weak STAT4 binding (Fig. 3d) . Consistent with that, lincRNAs with stronger STAT4 binding were less likely to have upregulated expression in STAT4-deficient T H 1 cells (Fig. 3d) . LincRNA-encoding genes were generally less frequently bound by STAT4 than were protein-encoding genes (Supplementary Table 3 ). However, of the STAT4 targets, the frequency of positive or negative regulation was in general similar for lincRNA-and protein-encoding genes (Supplementary Table 3 ). In summary, our data indicated that STAT4 bound to and activated T H 1-specific lincRNA-encoding genes in T H 1 cells. 
STAT6 activates lincRNAs preferentially expressed in T H 2 cells
To understand the function of STAT6 in regulating lincRNA expression in T H 2 cells, we analyzed by ChIP-Seq data its binding to lincRNA-encoding gene clusters in wild-type T H 2 cells 26 . We detected STAT6 binding in 56% of all lincRNA-encoding clusters (856; Supplementary Table 3) , including LincR-Epas1-3′AS (Fig. 3e) . The binding of STAT6 to promoters in T H 2 cells was higher for lincRNA clusters preferentially expressed in T H 2 cells than for other clusters (Fig. 3f) . Expression of LincR-Epas1-3′AS was lower in T H 2 cells from STAT6-deficient mice than in those from wild-type mice (Fig. 3e) . In total, expression of 32% of the lincRNAs (56) preferentially expressed in T H 2 cells was lower and expression of 12% of the other lincRNAs (131) was higher in STAT6-deficient T H 2 cells than in wild-type T H 2 cells (Fig. 3g) . If both a lincRNA-encoding gene and a protein-encoding gene were activated or repressed by STAT6, they tended to be coregulated during T cell differentiation; we made a similar observation for STAT4-mediated gene regulation in T H 1 cells ( Supplementary  Fig. 2 ). LincRNAs with strong binding of STAT6 at the promoters of the genes encoding them, as measured in wild-type T H 2 cells, were more likely to have downregulated expression in STAT6-deficient T H 2 cells than were those with weak STAT6 binding (Fig. 3h) . However, upregulation of lincRNA expression in STAT6-deficient T H 2 cells was not significantly correlated with STAT6 binding in wild-type T H 2 cells (Fig. 3h) . In summary, STAT6 bound to and mediated the activation of T H 2-specific lincRNA-encoding genes in T H 2 cells.
T-bet regulates expression of lincRNAs in T H 1 cells
Beyond STAT proteins, a few other key transcription factors have been linked to T cell differentiation, such as T-bet for T H 1 differentiation 27 and GATA-3 for T H 2 differentiation 28 . To investigate whether T-bet contributed to the cell-specific expression of lincRNAs in T H 1 cells, we analyzed the binding of T-bet at lincRNA-encoding genes with a published T-bet ChIP-Seq data set 29 . We detected T-bet binding at 14% (209; Supplementary Table 3 ) of all lincRNA-encoding gene clusters in T H 1 cells, including LincR-Ifng-3′AS (Fig. 4a) ; this suggested that T-bet may have contributed to its expression. In T H 1 cells, we also detected binding of T-bet at lincRNA-encoding genes specifically expressed in other helper T cells, such as at the promoter of the gene encoding the T H 2-specific LincR-Ccr2-5′AS (Fig. 4b) , which suggested that T-bet may function to repress its expression in T H 1 cells. At the genome-wide level, T-bet preferentially bound to lincRNA-encoding genes preferentially expressed in T H 1 cells (Fig. 4c) , which indicated that T-bet mainly positively regulated the expression of T H 1-specific lincRNAs.
To test that hypothesis, we compared the total RNA expression profiles of wild-type and T-bet-deficient (Tbx21 −/− ) T H 1 cells by (Fig. 4d) , consistent with a published report 14 . In contrast, expression of LincR-Ccr2-5′AS (which was preferentially expressed in T H 2 cells) was modestly upregulated in Tbx21 −/− T H 1 cells relative to its expression in wild-type T H 1 cells (Fig. 4d) . Global analysis revealed that deletion of Tbx21 resulted in decreased expression of 54 lincRNAs and increased expression of 37 lincRNAs in T H 1 cells (Fig. 4e) . 36% (33 of 91) of the affected genes were preferentially expressed in T H 1 cells (data not shown). On the other hand, 16.3% (216) of those unaffected lincRNAs were preferentially expressed in T H 1 cells (P < 0.0001) (data not shown). Thus, our data indicated that T-bet bound to and contributed to both the activation and repression of lincRNA-encoding genes in T H 1 cells.
GATA-3 regulates lincRNA expression in T H 2 cells GATA-3, a zinc-finger transcription factor, has high expression in T H 2 cells and is critical in T H 2 differentiation by regulating the expression of many T H 2 cell-specific genes 30 . Analysis of published ChIP-Seq data of GATA-3 binding 31 showed that 28.5% (53) of the lincRNA-encoding gene clusters preferentially expressed in T H 2 cells were bound by GATA-3 (data not shown). In wild-type T H 2 cells, GATA-3 preferentially bound to the promoters of lincRNA-encoding genes that were preferentially expressed in T H 2 cells (Fig. 5a) . Consistently, GATA-3-bound lincRNA-encoding gene clusters had higher expression than did clusters not bound by GATA-3 (Fig. 5b) . To determine if GATA-3 contributed to the regulation of lincRNAs, we compared their expression in wild-type T H 2 and Gata3 −/− T H 2 cells. GATA-3 deficiency resulted in much lower expression of LincR-Ccr2-5′AS (Fig. 5c) . Global analysis of lincRNA expression revealed that GATA-3 deficiency resulted in lower expression of 30% (102) of lincRNA-encoding gene clusters bound by GATA-3, compared with 15% (149) of lincRNA-encoding gene clusters not bound by GATA-3 (Fig. 5d) . Notably, 11% of lincRNA-encoding gene clusters bound by GATA-3 had higher expression in Gata3 −/− T H 2 cells than in wild-type T H 2 cells, compared with 6% of the clusters not bound by GATA-3 (Fig. 5d) .
To determine if GATA-3 coregulated the expression of proximal lincRNAs and protein-encoding genes, we separated lincRNAs into three groups (downregulated, upregulated and unchanged by GATA-3 deficiency) and examined the expression of protein-encoding genes within 100 kilobases (kb) of the lincRNA-encoding genes in T H 2 cells. About 37% (65 of 175) of downregulated lincRNA-encoding gene clusters had at least one gene nearby that also had lower expression (Fig. 5e) ; for lincRNA-encoding genes with no change or upregulation in expression in Gata3 −/− versus wild-type T H 2 cells, the frequency of nearby genes with the same 'direction' in expression change was 25.3% (187 of 740) or 8.5% (6 of 71), respectively (Fig. 5e) . On the other hand, lincRNA-encoding genes upregulated in Gata3 −/− T H 2 cells were more likely to have a nearby protein-encoding gene that was also upregulated (Fig. 5e) . These results indicated that a substantial fraction of lincRNA-encoding genes were coregulated with their neighboring protein-encoding genes, which suggested that the protein-encoding and lincRNA-encoding genes might share a GATA-3-responsive enhancer.
Inference with lincRNA function during T cell differentiation Because several highly inducible lincRNA-encoding genes in helper T cells were adjacent to genes encoding proteins critical to T cell function, such as the LincR-Gata3-3′ cluster (located 3′ of Gata3) and the LincR-Ccr2-5′AS cluster (located between the chemokine receptor-encoding genes Ccr3 and Ccr2), we examined the position of all the lincRNA-encoding genes identified relative to that of neighboring protein-encoding genes (within 100 kb). Many lincRNA-encoding genes were adjacent to genes encoding proteins in groups highly enriched for immunological functions, as Fig. 4a ). In contrast, 87% of genes encoding proteins involved in ribosomal biogenesis were rapidly induced at 4 h and then repressed after 24 h (Supplementary Fig. 4b ). In summary, our data indicated that many lincRNAs were coexpressed with genes encoding proteins involved in immunological function, which suggested a regulatory role for linRNAs in T cell differentiation and function; the dynamic regulation of the lincRNA-encoding genes correlated with that of genes encoding proteins involved in ribosome biogenesis suggested that many of these lincRNAs may restrict ribosomal functions for cells in the resting state. defined by enrichment analysis with the KEGG database (Kyoto Encyclopedia of Genes and Genomes) and the Gene Ontology (GO) project (Supplementary Table 4 ). This suggested possible coevolution of lincRNA-and protein-encoding genes for the control of specialized functions. To identify potential functions for lincRNAs in T cells, we analyzed the coexpression of lincRNA-and protein-encoding genes during differentiation from naive CD4 + T cells into various helper T cell subsets (T H 1, T H 2, T H 17 and iT reg ), each including eight time points (defined in Supplementary Fig. 1a; Supplementary Fig. 3a) . Genome wide, protein-encoding genes that were positively correlated with a lincRNA in terms of expression tended to be located near that lincRNA-encoding gene (Supplementary Fig. 3b ). Many lincRNA-encoding genes were coexpressed with genes encoding proteins in groups highly enriched for terms of the GO project related to immunological and/or defense response, regulation of T cellmediated cytotoxicity, and ribosome biogenesis and cell-cycle regulation (Supplementary Fig. 3c ). We next examined the expression of the 151 lincRNAs associated with the genes encoding proteins 
LincR-Ccr2-5′AS regulates the migration of T H 2 cells to the lungs
The groups of genes with expression patterns associated with LincRCcr2-5′AS showed enrichment for genes encoding proteins involved in chemokine-mediated signaling pathways (Supplementary Fig. 3c ): 7 of the 23 genes annotated in this pathway had expression that highly correlated with LincR-Ccr2-5′AS expression, while 6 of the 23 were located in the same genomic region as the gene encoding LincR-Ccr2-5′AS (Supplementary Table 5 ), which suggested coregulation of their expression. To directly determine if LincR-Ccr2-5′AS controlled the chemokine-mediated migration of T cells, we designed shRNA to knock down its expression in T H 2 cells. LincR-Ccr2-5′AS was transcribed in a direction opposite to the transcription of Ccr2 (Supplementary Fig. 5a ) and was expressed specifically in T H 2 cells (Supplementary Fig. 5b ). Two independent shRNAs specifically targeting LincR-Ccr2-5′AS (sh36 and sh40) efficiently knocked down LincR-Ccr2-5′AS expression in T H 2 cells (Fig. 6a, inset) . T H 2 cells infected with lentivirus containing sh36 or sh40 had production of interleukin 4 (IL-4) similar to that of cells infected with lentivirus containing the control shRNA shLuc (data not shown), which suggested that LincR-Ccr2-5′AS did not regulate IL-4 production in T H 2 cells. However, knockdown of LincR-Ccr2-5′AS expression by sh36 or sh40 resulted in lower expression (from 1.5-to 12-fold) of Ccr1, Ccr2, Ccr3 and Ccr5 than that in cells treated with shLuc; all these genes are located in the vicinity of the gene encoding LincR-Ccr2-5′AS ( Fig. 6a and Supplementary Table 6 ). Because the trafficking of T H 2 cells into the lungs is dependent on signaling via receptors for chemoattractants 32 , we assessed the ability of T H 2 cells in which LincR-Ccr2-5′AS was knocked down to migrate to the lungs in vivo. We transduced CD45.2 + T H 2 cells with shLuc, sh36 or sh40, mixed the successfully transduced CD45.2 + T H 2 cells with congenic CD45.1 + T H 2 cells and transferred the mixture into naive C57BL/6 mice. The efficiency with which LincRCcr2-5′AS-deficient T H 2 cells migrated to the lungs 20 h after transfer was significantly impaired (Fig. 6b) . These results indicated that LincR-Ccr2-5′AS contributed to the migration of T H 2 cells, which correlated with its ability to modulate the expression of several chemokine receptors.
RNA-Seq analysis of T H 2 cells transfected with LincR-Ccr2-5′AS-specific shRNA showed that the expression of 709 and 656 mRNAs was significantly upregulated and downregulated, respectively, relative to their expression in T H 2 cells transduced with shLuc (change in expression, >1.5-fold; false-discovery rate, <0.05) and that mRNAs preferentially expressed in T H 2 cells were three times more likely to be downregulated than were other mRNAs ( Fig. 6c and Supplementary Table 7 ). The genes downregulated by depletion of LincR-Ccr2-5′AS encoded proteins that as a group showed enrichment for biological processes such as cell cycle and nuclear division, whereas the genes upregulated encoded proteins with enrichment for regulation of immune-system processes and defense responses (Supplementary Table 8 ). Transduction of sh36 or sh40 into cells cultured under T H 17 conditions did not yield significant changes in gene expression (data not shown), which correlated with the lack of expression of LincR-Ccr2-5′AS in T H 17 cells and indicated that off-target effects were minimal.
We further investigated the relationship between GATA-3 and LincR-Ccr2-5′AS and their downstream target protein-encoding genes. We found that 170 genes were activated by both GATA-3 and LincR-Ccr2-5′AS, 122 genes were repressed by both, 99 genes were activated by GATA-3 but repressed by LincR-Ccr2-5′AS and 55 genes were repressed by GATA-3 but activated by LincR-Ccr2-5′AS (Supplementary Fig. 6a) . Regardless of the 'direction' of regulation, the genes affected by both LincR-Ccr2-5′AS and GATA-3 were significantly over-represented relative to those affected by only one, and as a group, their shared target genes showed considerable enrichment for T H 2-specific genes (Supplementary Fig. 6b ). GO-term-enrichment analysis for genes responsive to both knockdown of LincR-Ccr2-5′AS and deletion of Gata3 revealed that GO terms related to cell cycle and immune function were among the top categories ( Supplementary  Fig. 6c and Supplementary Table 9 ), which further indicated that LincR-Ccr2-5′AS together with GATA-3 was a critical regulator of T cell differentiation and immunological function.
LincR-Ccr2-5′AS regulates coexpressed protein-encoding genes When we analyzed the Pearson correlation coefficient of expression for LincR-Ccr2-5′AS and the genes upregulated, downregulated npg r e s o u r c e or unchanged after transduction of LincR-Ccr2-5′AS-specific shRNA in T H 2 cells, we found that expression of the downregulated group showed significantly higher correlation with LincR-Ccr2-5′AS expression during the differentiation of naive CD4 + T cells into various helper T cells than did the unchanged and upregulated groups (Fig. 6d) . Analysis of the frequency of protein-encoding genes downregulated after the transduction of LincR-Ccr2-5′AS-specific shRNA, among various groups of genes coexpressed with LincRCcr2-5′AS in T H 2 cells, revealed that genes positively correlated with LincR-Ccr2-5′AS were more likely to be downregulated than were other genes in the absence of LincR-Ccr2-5′AS, while comparison of the frequency of protein-encoding genes upregulated after the shRNA-mediated knockdown indicated that genes negatively correlated with LincR-Ccr2-5′AS were not preferentially upregulated in the absence of LincR-Ccr2-5′AS (Fig. 6e) . These results suggested that LincR-Ccr2-5′AS positively regulated many coexpressed protein-encoding genes. LincRNAs may regulate gene expression through modulation of chromatin structure at target sites or may function as enhancer RNAs 3 . To determine whether LincR-Ccr2-5′AS regulated chromatin state, we used sequencing of DNase I-hypersensitive sites and ChIP followed by quantitative PCR to assess chromatin accessibility and binding of RNA polymerase II near the Ccr2 and Ccr3 loci in T H 2 cells transduced with sh36, sh40 or shLuc. Although the expression of Ccr2 and Ccr3 was substantially decreased, we detected no substantial change in chromatin accessibility or the modification of histone H3 trimethylated at Lys4 (H3K4me3) or binding of RNA polymerase II in cells transduced with LincR-Ccr2-5′AS-specific shRNA compared with that in cells transduced with shLuc (data not shown), which suggested that LincR-Ccr2-5′AS regulated the expression of Ccr2 and Ccr3 via a mechanism distinct from modulation of chromatin accessibility or recruitment of RNA polymerase II.
DISCUSSION
In this study, we identified 1,524 genomic regions expressing lincRNAs in 42 samples from T cells at various developmental and differentiation stages and found that the lincRNAs were highly stage specific or lineage specific, consistent with the proposal that they are important regulators of the development, differentiation and function of T cells. Among the 1,524 lincRNA clusters, only one lincRNA, TMEVPG1 (LincR-Ifng-3′AS), has been studied in T cells and is reported to have an important role in controlling infection with Theiler's virus 13 , while no functions have been reported for any other lincRNAs in T cells, to our knowledge. It has been reported that the functions of certain lincRNAs in a particular pathway could be inferred from data indicating their coexpression with protein-encoding genes 3 , including the function of lincRNA-p21 in apoptosis mediated by the tumor suppressor p53 (ref. 33 ) and that of lincRNA-ROR in maintaining the pluripotency of embryonic stem cells 34 . Thus, our observation that the expression of many lincRNA-encoding genes showed high correlation with that of genes encoding protein associated with RNA processing and ribosome biogenesis, cell cycle and immune responses suggested that those lincRNAs may be functionally involved in those biological processes in T cells. In particular, expression of the gene encoding the T H 2-specific LincR-Ccr2-5′AS showed high correlation with that of genes encoding proteins involved in the chemokine signaling pathway in T H 2 cells. Knockdown of LincR-Ccr2-5′AS decreased the expression of its neighboring chemokine receptor-encoding genes and compromised the migration of T H 2 cells to the lung tissues, which revealed a critical function for this lincRNA in T H 2 cell function and confirmed the validity of inferring the function of lincRNAs from their coexpression with protein-encoding genes. Thus, future studies should assess the function of other lincRNAs by loss-of-function or gain-of-function assays.
LincRNAs may regulate gene expression via different mechanisms, including acting as enhancer RNA 9 , repressing microRNA targeting 10, 11 and binding to target genes to recruit chromatin-modifying enzymes 7, 8 . TMEVPG1 (LincR-Ifng-3′AS) acts together with T-bet to mediate transcription of Ifng 14 , probably through direct interaction with the MLL complexes to facilitate the methylation of H3K4 at its target sites 15 . LincR-Gata3-3′ is located near the T cell-specific enhancer of GATA-3 expression 35 and therefore it could act as an enhancer RNA. Further experiments are needed to determine the function of LincR-Gata3-3′. LincR-Ccr2-5′AS was required for efficient expression of the nearby genes Ccr2 and Ccr3, which suggested that it could activate those genes in cis. However, H3K4me3 modification, DNase accessibility and binding of RNA polymerase II to Ccr2 and Ccr3 were not affected by knockdown of LincR-Ccr2-5′AS, which suggested that it does not function to recruit histone-modifying enzymes or to modify the chromatin structure of those loci. Thus, LincR-Ccr2-5′AS may regulate the expression of its target genes after the initiation of transcription. Because LincR-Ccr2-5′AS also affects global gene expression, it may additionally act in trans.
Published analysis of lincRNAs in various human organs has indicated that lincRNA expression is more tissue specific than is mRNA expression 1 . In agreement with that, we found that lincRNA expression was highly stage specific and cell specific during T cell differentiation. In helper T cells, cell-specific lincRNAs constituted 10-40% of the total lincRNAs detected in a cell type, which suggested that lincRNA expression was tightly regulated during differentiation. Our data indicated that key transcription factors, including T-bet and STAT4 for the T H 1 lineage, and GATA-3 and STAT6 for the T H 2 lineage, were largely accountable for the lineage-specific expression of T cell lincRNAs. Since both lincRNA-and protein-encoding genes were subjected to a similar degree of positive or negative regulation by those transcription factors, similar mechanisms may be used by those factors in regulating both coding and noncoding genes. On the other hand, lincRNAs may affect the expression of neighboring protein-encoding genes to reinforce or attenuate gene regulation by transcription factors, which would add another layer to the regulatory network of transcription program that underlies T cell development and differentiation. Our data set should serve as a resource for the study of transcriptional regulatory networks during T cell development and differentiation by comparison of the dynamic expression of genes encoding proteins, including transcription factors, cell surface markers and signaling molecules, with that of lincRNA-encoding genes. We expect that further characterization of the lincRNAs identified in this study will reveal important functions of lincRNAs in the development, differentiation and immune responses of T cells.
METHODS
Methods and any associated references are available in the online version of the paper.
